A gate valve is one of the main elements of a circular pipeline, but the flow characteristics around the gate valve are hardly known. In this study, clarification of the flow field in front of the gate valve model in a pipe flow via flow visualization and PIV analysis was attempted. As a result, four kinds of steady necklace-type vortex systems, 2-vortex, 4-vortex, 6-vortex and 8-vortex systems, were clearly observed in a Reynolds number between 290 and 2130. In addition, the main vortex was observed in the Reynolds number range between 2130 and 4870 with difficulty. On this account, both the center position and vorticity in the main vortex are presented against Reynolds number.
Introduction
A gate valve has a feature that the pressure loss when fully opened is small and the valve opening degree can be finely adjusted. The gate valve is one of the main elements of a circular pipeline. However, the flow pasts a gate valve and the resistance characteristics of a gate valve have not been investigated sufficiently. Koram and Sparrow (1978) and Sparrow et al. (1980) reported heat transfer and pressure drop characteristics induced by an unsymmetric blockage element installed into the circular pipe [1] [2] . Oguri (1991) and Yamada and Katoh (1993) studied a flow-meter using a segmental blockage element, such as a gate valve [3] [4] . Yamada et al. (2015) also investigated flow field and loss coefficient produced by a gate valve model installed in a circular pipe [5] . They first showed that one necklace-type vortex is formed in front and moves over the gate valve [7] .
The flow resistance in the protrusion of various shapes installed into the pipe has been well studied. However, the flow field around a protrusion which is unaxisymmetric with circular pipe axis, e.g. a gate valve, in a circular pipe is not well-known. Particularly, excluding the study by Yamada et al., the flow field in front of the protrusion has hardly been investigated [5] . Therefore, our interest was focused on the flow field in front of the gate valve model in circular pipes. Particularly, in this paper the feature of the necklace-type vortex (vortex system, vortex position, and vorticity) was investigated by flow visualization and PIV analysis against a wide Reynolds number.
Experimental Apparatus and Procedure
The measuring circular pipe employed in this experiment lies in a water channel flow which is 400 mm in width and 400 mm in depth. field was calculated by a PIV analysis based on the correlation method. Furthermore, the template size for pattern matching was decided as 31 pixels × 31 pixels. Figure 2 shows the distribution of the mean velocity measured across the pipe without the gate valve model in each Reynolds number. Incidentally, uncertainty of velocity measured by the PIV in this research was about 6.5%, which was obtained by comparing Poiseuille flow velocity and the obtained velocity.
Experimental Results and Discussions
It is well known that necklace vortices are formed in front of a three-dimensional obstacle mounted on a wall. Surprisingly, various vortex systems to be similar with the necklace vortex systems shown by Nakahara and Yamada [8] Figure 3(d) . Incidentally, by visualizing the dye behavior invading into one vortex tube, Yamada et al. showed that the vortex in the case of the gate valve model is almost equal with the main vortex in ordinary necklace vortices [5] . Therefore, we decided to call the vortices observed in this experiment a necklace-type vortex system. Figure 3 shows the path lines image upstream of gate valve model in each Reynolds number. These path lines images were made by mutually superposing consecutive particle-images of 800. As shown in Figure 3 , the steady necklace vortices were formed in the range of Re ≤ 2130. In the case of Re = 290, the flow field was regarded as a 2-vortex system, because the number of the steady vortices having different signs was 2. Accordingly, the flow field was regarded as a 4-vortex system in Re = 490, as a 6-vortex system in Re = 970 and as an 8-vortex system in Re = 2130. In the range of Re ≥ 2460, the flow field became more unsteady with increasing Reynolds number. Although, the center position of the main vortex V 1 in Re = 2460 and 4870 could be observed as well as the steady vortex system described above. Therefore, both formation and collapse of vortices may exist in the case of those Reynolds numbers. In the case of Re = 9740, it was difficult to confirm the formation of a time-averaged vortex system. Figure 4 shows the variation of the steady vortex system against the Reynolds number. As mentioned above, the steady flow field varied from a 2-vortexto an Open Journal of Fluid Dynamics 
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8-vortex system. The 2-vortex system existed between Re = 180 and 290, the 4-vortex system existed between Re = 390 and 780, the 6-vortex system existed between Re = 880 and 1850, and the 8-vortex system existed in Re = 2130. Since the flow field was unsteady in Re = 2460, the range of Reynolds number in which the steady 8-vortex system appears is extremely small. Figure 5 shows the ratio of the center point distance of the main necklace-type vortex, V 1 , to the circular pipe diameter, D. The x-direction distance from the gate valve model to the V 1 center point is defined as X V1 , the height from the bottom wall of the circular pipe to the center point of the V 1 is defined as Y V1 .
Characteristics of Vortex System
The dashed line is the approximate line calculated by using the least squares 
Conclusions
The existence of the necklace-type vortex systems produced upstream of the gate valve model (h/D = 0.6) in the circular pipe was observed by using the flow visualization and PIV analysis. As a result, the following considerations about the characteristic of necklace-type vortices were gained: 1) Vortex systems were observed from two vortices to eight vortices in the range of Re ≤ 2130. In the range of Re ≥ 2460, unsteady necklace vortices were formed. 
